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Abstract—This paper proposes a new driving method for a 
switched reluctance motor (SRM) by using a standard full bridge. 
The windings in the SRM are connected in series to build a ring 
structure, where a controllable DC source is inserted. Based on the 
new structure, the theoretical analysis and calculation are made to 
determine the control parameters. Besides three-phase SRM, the 
new idea can also be applied to the SRMs with four and five 
phases. The new driving method is compared with the 
conventional method by simulation. The results show that with the 
new method, the ripple of torque and speed in the SRM reduces. 
The influence of the proposed method on the power rating and 
losses is then analyzed. The validation is also made to verify the 
application of the new method and the difference between the 
conventional driving method and the proposed method. The 
measured results match the simulated results well. 
 
Index Terms—Switched Reluctance Motor, Motor Drives, 
Machine Control, Bridge Circuits, Current Measurement 
I.  INTRODUCTION 
It is commonly known that a switched reluctance motor 
(SRM) has to be driven by the asymmetric H-bridges. Even 
with the different number of phase, in an asymmetric H-bridge 
circuit, two diode transistor legs are required for every phase 
winding [1] . A three-phase SRM can be taken as an example 
(Fig. 1): 6 diode transistor legs are required in the traditional 
topology with a minimum number of 8 contacts (2 for supplies 
and 6 for outputs). At the same time, because the asymmetric 
H-bridges are usually not made in mass production, the IGBT 








Fig. 1. Standard asymmetric H-bridge topology for SRM  
 
Because of the specific structure, the asymmetric H-bridge 
circuit cannot be applied in the driving systems for induction 
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motors and synchronous motors (PM or excited), which causes 
the asymmetric H-bridges not to be mass-produced. The full 
bridge inverter is another topology of power converter 
considered by many researchers for SRM. Instead of external 
diodes, a full bridge circuit uses MOSFETs with internal diodes 
[2] , which reduces its production costs because the full bridge 
circuit can also be applied in driving induction motors and 
synchronous motors. A three-phase SRM can also be taken as 
an example (Fig. 2). Compared to Fig. 1, the three-phase full 
bridge inverter requires only 5 contacts (2 for supplies and 3 for 








Fig. 2. Conventional 3 phase full bridge inverter for BLDC 
 
The following paragraphs give an overview of the literature 
studies that try to drive the SRM via the full bridge topology. 
A type of mutually coupled SRM is mentioned in [4] that 
changes the direction of the neighboring phase winding, so that 
with a standard 3-phase inverter it can generate positive EM 
torque. It is a type of synchronous reluctance machines, the 
main idea for operation is the rotating magnetic field, which 
does not exist in a conventional SRM. 
[5] designs an integrated multilevel converter for SRM 
drive, it develops a conventional asymmetrical half-bridge 
converter with a front-end circuit, this circuit integrates the 
generator and battery bank in the drive system with only two 
IGBTs and two diodes without adding extra capacitors and 
inductors. 
The authors of [6] [7] describe a field regulated reluctance 
machine, in which the windings are divided into two groups at 
the same time: excitation windings and armature windings, for 
a particular winding, it is dependent on the rotor position. 
During the period when the coils of a particular winding are 
located under the pole faces, the current flowing in them 
corresponds to and is controlled as the equivalent of an armature 
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current of a dc motor. While the coils of a winding are located 
in the inter-pole space, the current flowing in them corresponds 
to and is controlled as field current. Because of this type of 
operation mode, this motor can be driven by a standard inverter. 
[8] proposes a type of variable reluctance Vernier motor that 
can be driven by a 3-phase inverter. This type of motor has slots 
and a distributed winding just like the stator of an ordinary poly-
phase induction motor. The rotor is a slotted iron core without 
winding. The rotor speed has a proportional relationship with 
the speed of the rotating field. 
A new toroidal wound switched SRM with a single 
continuous multi-tapped winding is presented in [9] . This type 
of SRM can be driven by two 3-phase standard inverters, where 
the continuous winding is defined as the winding that is 
mechanically or electrically uninterrupted and that may be 
constructed of individual windings joined in series, so that with 
a 12-switch inverter that can supply bipolar coil currents, the 
new SRM can be driven. 
[10] explains the principle of controlling the IGBT-inverter 
switches that supply one phase power motor branch of the 
SRM, this is also a driving method similar to [5] , which was 
described as bipolar excitation method. 
A new self-commutating low-speed reluctance motor is 
designed by [11] , of which each phase has two parallel half-
phase windings, between the source and the stator windings, 
there is a static inverter consisting of six diodes, it is constructed 
using five inverter legs and two parallel brake legs in the two 
three-phase IGBT power modules, the conventional power 
converter can correspond to the new circuits. With this, the 
motor can be driven by a normal 3-phase inverter. 
To be concluded, all the new designs mentioned above are 
focused on changing the topology of the motor itself or 
changing the structure of the driving circuit. However, without 
changing the motor structure, all the mentioned designs cannot 
be applied to the general SRMs that have different phases. 
Without changing the topology of the motor itself, this paper 
proposes a new drive structure for SRM, which can be applied 
in the conventional SRMs even with different phases. By using 
a ring structure, the proposed method makes it possible to drive 
a SRM with the full bridge circuit. 
II.  THEORETICAL ANALYSIS OF THE PROPOSED TOPOLOGY 
A.  Topology 
The proposed topology is described in Fig. 3, taking a three-
phase SRM as an example. The three phase windings are 
formed with a delta structure, between two neighboring 
windings (R1 and R3), an additional DC source is inserted and 












Fig. 3. Concept of the ring structure to generate circulating current 
 
Replaced the DC source with a controlled DC voltage 
source, the full topology of the proposed method is shown in 
Fig. 4. The IGBTs Q1-Q6 control the leg current for driving the 
SRM, of which the reference value is described as IRC1. The 
half-bridge circuit (C1, C2, Q7, Q8) controls the circulating 
current in the ring structure, the circulating current helps to 
improve the fundamental winding current to be higher than 0A, 


























Fig. 4 Full topology of the conventional three phase bridge with additional 
power supply 
B.  Operating principle 
  
 
Fig. 5 The flux linkage-current diagram of the SRM 
 
Fig. 5 shows the working area of the SRM driven by the new 
method, where the DC means the circulating current in the ring 
structure, AC means the AC currents in the inverter legs, and 
the current at every working point (WP1-WP6) means the 
winding current. 
At the unaligned position, the leg current increases from a 
maximum negative value, while the well-chosen circulating 
current keeps the winding current positive. As the working 
point moves from WP1 to WP2, the leg current increases to 
zero, where the winding current is equal to the circulating 
current. With the leg current increasing, the working point 
moves from WP2 to WP3. The stator moves to the aligned 
position, where the leg current achieves its maximum positive 
value [13] . 
At the aligned position, the working point moves from WP3 
to WP4. Then with the motion of the rotor, the leg current 
decreases, and the working point moves from WP4 to WP5. At 
WP5, the leg current decreases to zero again. When leg current 
decreases to the maximum negative value, the working point 
moves from WP5 to WP6. At the same time, the winding 
current keeps positive because of the circulating current.  
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To drive a SRM, the direction of the winding current has to 
retain the same during the operating period [14] . Based on the 
principle described above, the ring structure makes it possible 
for the full bridge driving circuit to drive a SRM. Based on the 
operational principle of SRM, if the two-direction rotation is 
required, the excitation sequence of the windings can be 
changed. If the waveform is shifted 180°, the torque is reversed. 
C.  Calculation of the circulating current 
As is described in Fig. 6, the SRM provides the position 
signals and the value of the circulating current. The output of 
the motor data acquisition includes position signals and 
measured currents. The speed is calculated from the position 
signals. The circulating current is calculated from the winding 
current and leg currents, which are measured by three current 
sensors. The equation of the calculation of circulating current is 

















Fig. 6 The block diagram of the control strategy of the proposed system 
 
By regulating the leg currents, the full-bridge circuit 
generates the excitation voltages for the SRM windings. After 
comparing with the reference circulating current, the circulating 
current is maintained by the half-bridge DC-DC converter, 
which is acted as the controllable voltage source. 
Well-chosen reference values of leg current and circulating 
current can contribute to reducing unnecessary energy losses. 
Based on the conventional control strategy for the full bridge 
driving system, the leg current can be controlled based on the 
feedback position signals [15] . The circulating current has to 
be calculated by using the vector calculation. 
We assume IRC1 as the reference value for the leg current. 
Based on the block diagram of the control strategy of the 
proposed system (Fig. 6), it can be found that the leg currents 
are regulated by the full-bridge, which is controlled by the 
reference speed and the feedback position signals. The output 
of the multiplier in Fig. 6 is the reference value for the leg 
current (IRC1). 
We assume IRC2 as the reference value for the leg current. 
Based on Fig. 3 and Fig. 4, the relationship of different type 
currents in the SRM can be formulated as follows: 
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Fig. 7 The vector illustration of currents 
 
From Fig. 7, it can be found that the direction of I3 and 
2Ia+Ib are opposite, the relationship among the circulating 




RC RCI I I   (2) 
 Because of  
 










RC RCI I I    (5) 
Where Imax is the maximum value of the winding current. 
Based on (4) and (5), the reference value for the circulating 
current can be determined. With the well-calculated IRC1 and 
IRC2, the winding current can be limited within the working area. 
III.  VERSATILITY FOR THE SRMS WITH MORE PHASES 
The new driving topology can also be applied to the SRMs 
with different phases. To verify the versatility of the new 
method, the SRMs with four phases and five phases are 
analyzed by using the proposed method. 
Fig. 8 shows a four-phase SRM with the windings 
connected in series, which form a ring structure. Between the 














Fig. 8 Concept of the ring structure to generate circulating current in a 4 phase 
SRM 
 
Based on the description above, the reference current for the 
leg current (Ia, Ib, …, Ie) is described as IRC1, while the reference 
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current for the circulating current is IRC2. The relationship 
among different type currents can be described as 
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Fig. 9 The vector of the currents in a 4-phase SRM 
 
As is shown in Fig. 9, the directions of I4 and 3Ia+2Ib+Ic are 
opposite. The relationship among the circulating current, leg 




RC RCI I I   (7) 
Because of  










RC RCI I I    (10) 
It proves that the new method can be applied in the four-
phase SRM theoretically. 
The ring structure applied in five-phase SRM is shown in 
Fig. 10. The windings are connected in series and an extra DC 
















Fig. 10 Concept of the ring structure to generate circulating current in a 5-phase 
SRM 
 
The vector relationship among the currents in Fig. 10 is 
described in Fig. 11. The relationship among different type 
currents can be formulated as 
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Fig. 11 The vector of the currents in 5-phase SRM 
 
Again, it can be found that the directions of I5 and 
4Ia+3Ib+2Ic+Id are opposite, which makes it easy to calculate 
the reference currents. 
Because of  










RC RCI I I    (14) 
The theoretical analysis above proves that the SRM with 
five-phase can be driven by the new method. According to the 
equations obtained, the SRMs with different phases can be 
driven by the full bridge driving system theoretically. 
IV.  COMPARISON BETWEEN DIFFERENT METHODS 
In order to test the new method by simulations, the SRM 
model with the structure 6/4 is chosen as the driving target. The 
SRM driven by the conventional method is also described as the 
comparison. 
The SRM tested has the characteristic described in Fig. 5. 
The excitation voltage is set with 200V. For the two types of 
control methods, we choose the reference speed as 1000rpm 
and the load as 6N*m, the reference value of circulating current 
is 4.5A. 
Fig. 12 shows the waveform of the winding currents in the 
SRM driven by the conventional method. 
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Fig. 12 The waveform of the winding currents in the 6/4 SRM driven by the 
conventional method 
 
It can be found in Fig. 12 that the SRM driven by the 
conventional method generates the flat-top waveforms for 
winding currents [16] . 
Fig. 13 describes the waveforms of the winding current of 
the SRM driven by the new method. 
 
Fig. 13 The waveform of the winding currents in the 6/4 SRM driven by the 
new method 
 
From Fig. 13, it can be seen that with a well-chosen 
reference value of the circulating current, the winding current 
in the SRM remains positive most of the time, which makes it 
possible to drive the SRM by using the ring structure. 
In order to analyze the currents in the driving system, the 
leg currents in the full bridge circuit and the circulating current 
in the ring structure are shown in Fig. 14 and Fig. 15 
respectively. 
 
Fig. 14 The waveform of the leg currents in the 6/4 SRMs driven by the new 
method 
 
Fig. 14 shows that the leg currents from the full bridge 
circuits have trapezoidal waveforms [17] . Because the 
circulating current is controlled by the PWM in the ring 
structure, the leg currents cannot be kept fully symmetrical. 
 
Fig. 15 The waveform of the circulating currents in the 6/4 SRM driven by the 
new method 
 
Fig. 15 explains that with a well-calculated reference value, 
the circulating current can be kept relatively stable. From the 
waveform, it can also be found that the harmonic waves are 
existing in the circulating current. The reason is that the 
winding currents in the SRM have different phase angles, while 
the windings are connected in series. As a result, the circulating 
current has to contain the harmonic waves [18] . 
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Fig. 16 The comparison of the torque in the 6/4 SRM driven by different 
methods 
 
Fig. 16 describes the comparison of the torques between the 
two different driving methods. It can be found that the torque 
ripple of the new method is much lower than the ripple in the 
case of the conventional method: the peak-to-peak value of the 
torque ripple is 5.5N*m in the conventional method, while in 
the new method, the value is 3.5N*m. It proves that compared 
to the conventional method and with a load of 6N*m, the new 
method can reduce the peak-to-peak value of the low frequency 
torque ripple by 36.36%. 
Fig. 16 also shows that there are low frequency torque 
ripples in the new method.  
The low frequency torque ripple is caused by the DC-DC 
converter structure (as is shown in Fig. 4 and Fig. 6). In the 
conventional method, there is no DC-DC converter inserted, 
and therefore the low frequency ripple does not appear in this 
method. 
The reason for the low frequency ripple is the diodes in the 
secondary side of the DC-DC converter, as is shown in Fig. 4. 
When the winding current reaches zero, the current in the 
diodes in the secondary side of the DC-DC converter will also 
be zero. A sudden positive voltage appears at the output of the 
DC-DC converter, which causes the torque change. This torque 
change is manifested as the low frequency torque ripple, as is 
shown in Fig. 16. 
 
Fig. 17 The comparison of the speed in the SRMs with different phases driven 
by different methods 
 
Fig. 17 shows the comparison of the speeds between the two 
different driving methods. It can be seen that the speed ripple 
generated by the new method is much lower than the 
conventional method. Because the new method generates a 
smoother commutation of winding currents, the speed ripple 
decreases and the speed waveform is smoother than for the 
conventional driving method. 
Compared to the conventional method, Fig. 16 and Fig. 17 
show that the new method can reduce the torque ripple and 
speed ripple in the SRM, because a smoother commutation of 
winding currents is generated by it than the conventional 
method. 
V.  INFLUENCE ON THE POWER RATING AND LOSSES 
The input power of the SRM can be divided into two parts, 





, the second 









 [19] . In 
the conventional driving method, because of the external diode 
structure, only the first part power generates the torque [20] . In 
the new method, however, because of the ring structure, the 
storage power in the windings can also contribute to the torque 
production. As a result, the output power difference between 









, which means that the 
new method has a higher power rating than the conventional 
method. 
 
Fig. 18 The relation between magnetic field energy storage and mechanical 
energy 
 
As can be found in Fig. 18, in the conventional method, the 
mechanical energy can be described as the area of W1, the 
magnetic field energy storage can be described as the area of 
W2. We assume the power rating as Pr, the power stored in the 
winding as Pw. 
In the new method, by the ring structure and windings 
connected in series, W2 in one winding is transferred to the 
other two windings, which will contribute to the torque 
production. As a result, the power rating increases to r wP P . 
On the other hand, because of the additional DC-DC 
converter, the losses in the new method are supposed to be 
higher than in the conventional method. 
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The conduction loss of the IGBT with the freewheel diode 
is  
conduction d d pP V I DN  (15) 
Where Vd is the voltage drop in the IGBT with the diode, Id 
is the conduction current in the IGBT with the reverse recovery 
diode, and D is the ratio of the current conduction period in one 
cycle period, Np is the phase number. 
The switching loss of the IGBT can be calculated as: 
 switch on off switchP E E f   (16) 
Where Eon is the loss in a single turn-on pulse, Eoff is the loss 
in a single turn-off pulse of the IGBT, fswitch is the frequency of 
the PWM wave. 
The switching loss of the reverse recovery diode can be 
calculated as: 
diodeswitch rr switchP E f  (17) 
Where Err is the loss in a single turn-off pulse of the diode. 
With the speed of 1000rpm and load of 6N*m, based on the 
datasheet of the IGBT and diode, the parameters for the loss 
calculation are shown in TABLE I. 
TABLE I  
THE PARAMETERS FOR THE LOSS CALCULATION 






Eon (mJ) 5.5 5.5 5.5 
Eoff (mJ) 4.5 4.5 4.5 
fswitch (Hz) 5000 5000 5000 
Err (mJ) 3.8 3.8 3.8 
Vd (V) 1 1 1 
Id (A) 8 7 4.5 
D 1/3 2/3 1 
Np 3 3 1 
 
In the three-phase inverter of the proposed method, for each 
leg, there is only one IGBT that works simultaneously. In the 
DC-DC converter, only one IGBT works at the moment.  
In the conventional method, for each leg of the three-phase 
inverter, there are two IGBTs work simultaneously. 
The results of the losses in different driving methods are 
shown in TABLE II. 
TABLE II  









Conduction Losses 16W 14W 4.5W 
Switching Losses 138W 138W 69W 
Total Losses 154W 225.5W 
 
Based on the conclusion above, the total losses of the 
proposed method are 46.4% higher than the conventional 
method. 
From TABLE II, it can be observed that the proposed 
method has higher losses than the conventional method, of 
which the reason is that compared to the conventional method, 
the proposed method has an additional power supply system 
(DC-DC converter) that generates the required circulating 
current. The DC-DC converter contains semiconductor 
components that contribute to the extra switching losses and 
conduction losses. 
In order to deal with the extra power losses, a solution is to 
optimize the semiconductor components in the DC-DC 
converter. It is known that compared to the standard silicon 
diode, the SiC (silicon carbide) diode has lower switching 
losses and lower forward voltage drop, besides the SiC diode, 
the MOSFET also requires less power to be controlled and has 
lower conduction resistance than the standard silicon diode. As 
a result, the power losses in the proposed method can be 
improved by using SiC diode, at the same time, synchronous 
rectification can also be used to reduce the losses by using 
MOSFET. 
VI.  VALIDATION 
A three-phase SRM is chosen for experimental testing. The 
characteristics of the practical SRM are described in Fig. 5. 
Apart from the prototype SRM, the whole driving system 
consists of a load machine with torque sensors, a conventional 
inverter box, three current sensors, three position sensors, a DC 
power supply, a DC-DC buck circuit, a DSPACE 1103 
controller board, and a PC with DSPACE 1103 blocks installed. 






Fig. 19 The setup of the SRM control system 
 
With different reference values of speed and load, we make 
the comparison of the winding currents between the 
conventional method and the new method to analyze the 
difference and the improvement. At the same time, the 
comparison of leg currents is also made between the practical 
result and the simulation result. 
Fig. 20 shows the comparison of the winding currents 
between the new method and the conventional method, at a 
reference speed of 1000rpm and a load of 6N*m. 
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Fig. 20 The comparison of the winding currents between different methods at 
1000rpm and 6 N*m load 
 
It can be found in Fig. 20 that with the new method, the 
winding current has a trapezoidal waveform, while with the 
conventional method, the waveform is rectangle. Because of the 
additional DC voltage source, the amplitude of the winding 
current in the new method is a bit higher than in the 
conventional method, and because of their same on and off 
angles, the frequency of the currents is the same [21] . 
Fig. 21 shows the comparison of the leg current in the 
inverter between simulation and validation results at the speed 
of 1000rpm and load of 6N*m. 
 
Fig. 21 The leg current in the inverter at a speed of 1000rpm and load of 6N*m 
 
From the comparison shown in Fig. 21, it can be seen that 
the measured results match well with the simulated ones, the 
inverter generates trapezoidal current waveform to drive the 
SRM. 
From Fig. 20 and Fig. 21 it can be found that the winding 
current and the leg current waveforms are asymmetric and 
unbalanced. The PI controller is one of the reasons that the 
winding current and the leg current are not balanced. The 
circulating current is controlled and regulated by the PI 
controller and the DC-DC converter, as a result, the winding 
current cannot follow the reference value without error. 
Another reason is the additional voltage source (DC-DC 
converter). In order to maintain the winding current positive, 
the additional power supply is inserted. If the diode current gets 
some moment negative, it introduces some lower harmonics in 
the winding and leg currents. Because the output voltage of the 
DC-DC converter contains the inevitable harmonics and low 
frequency ripple, the winding current is asymmetric and 
unbalanced, so is the leg current. 
With a higher reference speed (1300rpm) and the same load 
(6N*m), the comparison of different currents is shown in Fig. 
22 to Fig. 23. 
 
Fig. 22 The comparison of the winding currents between different methods at 
speed of 1300rpm and load of 6N*m 
 
Fig. 22 shows the difference of the winding current between 
the new method and the conventional method. It can be found 
that with a higher speed, the frequency of the winding current 
increases with both of the methods, but the amplitude does not 
change [22] . 
 
Fig. 23 The leg current in the inverter at a speed of 1300rpm and load of 6N*m 
 
From Fig. 23 it can also be found that the frequency of the 
leg current increases because of the higher speed, at the same 
time, a good agreement with the theoretical analysis can still be 
observed for both of the measured results and simulated results. 
A higher load (8N*m) is applied in the SRM system, at a 
reference speed of 1000rpm. The comparison of different 
currents is shown in Fig. 24 and Fig. 25. 
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Fig. 24 The comparison of the winding currents between different methods at 
speed of 1000rpm and load of 8N*m 
 
Compared to Fig. 20, Fig. 24 shows that with a higher load 
of 8N*m instead of 6N*m, the amplitude of the winding 
currents generated by both of the methods increases. Because 
of (3), the winding current has to increase to generate a higher 
torque [23] . At the same time, because the speed remains 
1000rpm, the frequency of the winding currents stays the same: 
see Fig. 20. 
 
Fig. 25 The leg current in the inverter at a speed of 1000rpm and load of 8N*m 
 
The leg current shown in Fig. 25 also explains that besides 
the increasing amplitude and constant frequency of the leg 
current, both of the simulated results and measured results have 
the same trend as the theoretical prediction. 
The validation indicates that with the new structure, the 
SRM can be driven by the new method. The theoretical analysis 
can be verified by the practical system. For different speeds and 
loads, the measured results correspond to the simulated results. 
VII.  CONCLUSION 
A novel method for driving SRM has been proposed. With 
a ring structure, a SRM can be driven by a standard full bridge 
inverter. 
The topology and the operating principle of the new method 
are proposed. The range of the circulating current is calculated 
based on the vector operation. The versatility for the SRMs with 
four and five phases is then described. Based on the principle 
for the SRM with three phases, the theory of the new method is 
verified to be applied to the SRMs with different numbers of 
phases. 
Based on the current analysis, the comparison between the 
conventional method and the new method is made by using the 
simulation tool. The impact of the new method on the power 
rating and losses is also analyzed. Based on the analysis, it 
proves that the new method can reduce the torque ripple and 
speed ripple in SRMs, it can also improve the power rating of 
the SRM. The losses, however, are increased because of the 
additional DC-DC converter, which can be improved by 
optimizing the semiconductor components in the DC-DC 
converter. 
With the DSPACE platform and three-phase SRM 
prototype, the conventional method and the new method are 
compared in the practical system for different speeds and loads. 
The measured results are also compared with the simulated 
results. As a result, the theoretical analysis of the proposed idea 
is verified by validation, and the measured data matches the 
simulated data well. 
In conclusion, the new method for driving SRM is verified 
by simulation and validation. The new method can be applied 
to different types of SRM, and it can also improve the 
performance of the SRM. This makes it possible to drive a SRM 
by using a standard full-bridge inverter and an extra ring 
structure. Besides no adverse influence on the performance of 
the SRMs, the new method has the advantage to improve the 
power rating of the SRMs. Compared with other driving 
methods, the proposed method achieves less cost and higher 
power rating, which makes it competitive.  
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